Abstract Canine distemper virus (CDV) causes severe immunosuppression and neurological disease in dogs, associated with demyelination, and is a model for multiple sclerosis in man. In the early stage of the infection, demyelination is associated with viral replication in the white matter. In acute demyelinating lesions there is massive down-regulation of myelin transcription and metabolic impairment of the myelin-producing cells, but there is no evidence that these cells are undergoing apoptosis or necrosis. Oligodendroglial change is related to restricted infection of these cells (transcription but no translation) and marked activation of microglial cells in acute lesions. Concomitant with immunological recovery during the further course of the disease, inflammation occurs in the demyelinating plaques with progression of the lesions in some animals. A series of experiments in vitro suggests that chronic inflammatory demyelination is due to a bystander mechanism resulting from interactions between macrophages and antiviral antibodies. Autoimmune reactions are also observed, but do not correlate with the course of the disease. The progressive or relapsing course of the disease is associated with viral persistence in the nervous system. Persistence of CDV in the brain appears to be favored by non-cytolytic selective spread of the virus and restricted infection, in this way escaping immune surveillance in the CNS. The CDV Fusion protein appears to play an important role in CDV persistence. Similarities between canine distemper and rodent models of virus-induced demyelination are discussed.
Introduction
Epidemiological observations strongly suggest that multiple sclerosis (MS) is a disease caused by an infectious agent that induces an immune-mediated demyelinating disease [9, 54] . While much progress has been made in recent years, the pathogenesis of MS is still unclear, and animal models of viral demyelination remain important tools in MS research. The fact that the mouse genome has been sequenced and that transgenes can be routinely produced has greatly advanced the use of this species in pathogenesis research. This is also true for infectious diseases including virusinduced demyelination [22, 62] . While none of the rodent models truly resemble MS, a variety of widely diverging mechanisms of virus-induced demyelination have been elaborated in these animals. This diversity is not surprising since infectious diseases are generally the result of co-evolution of infectious agents and their hosts, and their pathogenesis is determined by highly complex interactions. Such interactions involve adaptation of the agent to host cells, specific tropism, neuro-invasiveness, anti-virus immune response, etc. Therefore, it can be hardly expected that an exact replica of MS could be reproduced in a single viral model, and it makes sense to investigate various species-agent combinations, including diseases in larger animals.
A spontaneous MS-like disease with multifocal demyelinating lesions is rare in domestic animals, in which systematic neuropathological screening has been performed for at least half a century in various labs around the world. While such studies focused to a large extent on companion animals, the creation of surveillance systems to control the BSE outbreak in Europe during the past two decades led to the histological examination of hundreds of thousands of ruminant brains, considerably increasing the database on large animal neuropathology. Primary demyelination in domestic animals has only been observed for Visna, a lentivirus infection in sheep and in canine distemper virus (CDV) infection. While demyelination is a rare complication in the former, it occurs with very high frequency in distemper. Canine distemper has been recognized as a disease entity for over two hundred years. The first description of demyelination in this disease originates from 1877 by Gowers and Sankey [53] . This canine lesion continued to fascinate human neuropathologists such as H.J. Scherer [55] , who quite boldly described it as: ''acute multiple sclerosis of the dog''.
Canine distemper virus
Despite widespread use of vaccination, distemper continues to be a problem with outbreaks occurring in canine populations, but also in other species such as seals and lions [8, 31, 49] . CDV is an enveloped, non-segmented, single-stranded RNA virus and is a member of the morbilliviruses, thus closely related to measles virus. CDV possesses a nucleocapsid containing the viral genome, which consists of the nucleoprotein (N) and the polymerase complex including the P and L proteins. The membrane protein (M) is located at the inner surface of the envelope, which exhibits two surface glycoproteins : the attachment protein (H) and the fusion protein (F). The cellular receptor for the H protein in vivo has not been determined. CD9 acts as a receptor for attenuated CDV in cell lines but not for virulent CDV [41] . The signaling lymphocyte activation molecule (SLAM) was shown to be a very efficient receptor for wild CDV [59] in canine SLAM transfected tissue cultures, in which wild CDV can normally only be propagated following repeated passages. However, immunocytochemical studies showed only very limited expression of SLAM in the CNS, as compared to lymphoid tissues (studies in progress). Therefore, it is probable that other viral receptors exist.
CDV in dogs is generally transmitted as an aerosol infection to the upper respiratory tract. Primary virus replication takes place in the lymphoid tissues (Fig. 1A) , leading to severe long-lasting immunosuppression [5, 37, 39] . T cells are more affected than B cells [35] , and CD4 + lymphocytes are rapidly depleted for several weeks [70] , probably by virus induced apoptosis [40. 46] , whereas CD8 + cells are less severely affected and recover relatively fast [70] . At about 10 days post infection (p.i.), CDV starts to spread from sites of primary replication to various epithelial tissues (Fig. 1B) and the central nervous system (CNS). As a result of epithelial infection, respiratory, intestinal and dermatological signs can occur. The most serious complication is infection of the CNS, leading to a variety of neurological syndromes, frequently with bad prognosis [68] . Neurological signs often occur in the absence of systemic signs. In the following we present a review of what is known about the neuropathology of CDV infection in its natural host, the dog.
Neuropathology of nervous distemper
While strain variation and related differences in lesion patterns exist [65] , in the vast majority of spontaneous distemper cases and in experimental studies with socalled ''demyelinating'' strains such as R252 [43] and A75/17 CDV [64] , the virus causes multifocal lesions in the gray and white matter of the CNS [67] . Generally, demyelinating lesions prevail, and gray matter lesions may be lacking. The predilection sites are the white matter of the cerebellum, the periventricular white matter, especially around the fourth ventricle, the optic pathways and the spinal cord (Fig. 1B) . CDV enters the brain by infected mononuclear cells penetrating the blood barrier but, possibly more importantly, by circulating in the CSF (Fig. 1E) and fusing with the ependymal lining of the ventricles [33] . This explains the frequent periventricular and subpial location of the lesions. In the following sections, we will focus on what is known about the pathogenesis of the white matter lesions in distemper.
Pathogenetic studies have to consider an acute and a chronic stage in the development of CDV-induced demyelination. The initial demyelinating lesions occur around 3 weeks p.i. and evolve during a period of massive virus-induced immunosuppression [72] . Depending on the degree and speed of immune recovery, animals may either become quickly moribund or may recover after developing a mild or even subclinical illness. An intermediate group of animals recovers slowly or partially, and tends to develop a chronic or even relapsing disease [10, 34] with progression of the demyelinating lesions as a result of immunopathological reactions [71, 73] .
The acute stage of distemper: virus-induced demyelination

Infection of the glial cells of the white matter
The initial myelin lesions develop during a period of severe immunosuppression and are not inflammatory [72] in the traditional sense of the word, since perivascular cuffs are entirely lacking. Initial lesions are characterized by ballooning of myelin sheets with vacuolation of the white matter, myelin phagocytosis and astrocytic swelling ( Fig. 2A) . Several immunocytochemical studies and in situ hybridization work in spontaneous and experimental distemper have clearly shown that demyelination coincides with replication of CDV in the glial cells (Fig. 1C, D, F) of the white matter [75, 83] . Spatio-temporal studies leave no doubt that the initial white matter lesions are associated with viral activity and that their development is highly predictable [32, 33, 64, 75] . The obvious explanation for the phenomenon of demyelination would be infection of oligodendrocytes. A primary insult to the oligodendrocyte is strongly supported by the finding of segmental demyelination in distemper by Higgins et al. [33] . Therefore, research has focused on finding evidence of CDV in oligodendrocytes. At the light microscopic level, it has been shown that the majority of infected cells in the white matter are astrocytes [48] . Most electron microscopical studies agree that oligodendroglial infection is very rare in distemper [13, 33, 52, 63, 78] .
Immunocytochemical staining for CDV combined with in situ hybridization for proteolipid protein (PLP) messenger RNA showed only very few oligodendrocytes containing CDV protein (Fig. 2E) . However, approximately 8% of the oligodendrocytes (Fig. 2F) at the edge of lesions contained CDV mRNA [85] . A restricted infection of oligodendrocytes with viral transcription but no translation (Fig. 4) had been found earlier in dog Fig. 1 brain cell cultures [83] , in which virulent CDV causes a slowly spreading non-cytolytic infection. CDV proteins or viral nucleocapsids were only very rarely found in oligodendrocytes in culture (Fig. 3A, B) , in contrast to astrocytes and microglial cells which easily support productive CDV infection [74, 81, 82] . Thus, we concluded from these studies in vivo and in vitro that CDV causes a restricted infection of the oligodendrocytes. Why the production of viral protein does not take place in these cells remains to be clarified.
Changes in oligodendrocytes
Between 20 and 30 days p.i., cultured canine oligodendrocytes, which grow superimposed on a layer of astrocytes in mixed dog brain cell cultures, start to degenerate (Fig. 3C, D) , and after several weeks can no longer be detected with immunocytochemical stains for myelin proteins, although the supporting culture remains a continuous cell sheet [82] . Ultrastructural studies revealed microvacuolation and loss of organelles in such oligodendrocytes [23] . These morphological changes are preceded by metabolic dysfunction of these cells: cerebroside-sulfo transferase activity (an oligodendrocyte-specific enzyme) decreased markedly soon after infection [23] , and myelin transcription is soon strongly decreased (Fig. 4E ) in infected brain cell cultures [24] . In vivo, we could also show that CDV infection led to massive down-regulation of myelin gene transcription with complete loss of in situ hybridization signals for PLP in oligodendrocytes (Fig. 2C ) in early demyelinating lesions [85] . Demyelination is apparent before oligodendrocytes disappear in the affected white matter area as seen on immunocytochemical staining ( Fig. 2D) for CNPase, an oligodendrocyte-specific enzyme [58] . Some oligodendrocytes appeared to be hypertrophic (Fig. 2G ). The fate of the oligodendro- cytes, however, remains unclear. Morphological changes of oligodendrocytes were described in demyelinating lesions in vivo using electron microscopy [13, 63] , but there is no concrete evidence that these cells undergo necrosis or apoptosis [57, 58] . There is little doubt that a change of these cells lies at the base of the demyelinating process but its mechanism is not yet understood. It is possible that viral transcription taking place in these cells interferes with specialized functions necessary to maintain myelin membranes.
In summary, acute CDV infection of the white matter results in metabolic oligodendroglial changes which lead to demyelination. Whether the dysfunction of the oligodendrocyte is the direct result of restricted CDV infection, which has been shown in these cells, remains to be shown. This correlation is apparent in brain cell cultures [24] , but since restricted infection in vivo affected less than 10% of the oligodendrocytes in demyelinating lesions it can not be easily explained why myelin loss in infected white matter areas is nearly complete.
Activation of microglia
It cannot be excluded that oligodendrocytes are affected as a result of virus-induced changes in other cell types. Alldinger at al. [3] found a diffuse MHC class II up-regulation in the white matter, presumably in the microglial cells, in the early stages of distemper. Activation of microglial cells with release of toxic factors could induce myelin damage. In earlier experiments, we found that supernatants derived from CDV-infected dog brain cell cultures (DBCC) did not induce oligodendroglial lesions in recipient dog or mouse brain cultures [82] . However, extensive treatment of the supernatants to remove infectious virus may have contributed to these negative results. We were also unable to find significant amounts of toxic factors such as TNF-a or reactive oxygen radicals in the supernatants of CDV-infected DBCC [16] . This may have been due to the fact that microglial cells in mixed brain cell cultures pose only a small fraction of the total cell population. Recently, we developed purified canine microglial cell cultures and found that the activity of ex vivo cultivated microglial cells from dogs with experimentally induced demyelinating distemper exhibited a greatly enhanced expression of MHC and adhesion molecules, phagocytic activity and oxygen radical production. This appeared to be directly related to CDV infection of these cells [60] . These findings are consistent with our previous observations according to which procoagulant activity is enhanced in cultivated CDV-infected macrophages [16] . It is not inappropriate to speculate that CDVinduced microglial cell activation could contribute to oligodendrocyte/myelin damage. This view is supported by experiments in mixed brain cell cultures in which stimulation of microglial cells (Fig. 6A, B) led to considerable damage to the oligodendroglial cells [15, 29] .
Immune response in early lesions
In view of the massive virus-induced immunosuppression in distemper soon after infection, we assumed for a long time that humoral and cellular immune responses could hardly play a role in early lesion development. However, several findings cast some doubt on our original view that initial lesions are purely virus induced. While an effective anti-viral neutralizing immune response is indeed completely lacking in the acute phase of distemper, anti-CDV IgM antibodies occur within the first 2 weeks of infection [11] . Despite lack of perivascular cuffing, numerous CD8 + cells are found in acute demyelinating lesions (Fig. 5A-C) and also diffusely distributed in the brain parenchyma, roughly correlating with areas of viral infection [69] . In the CSF of animals with acute myelin lesions, high IL-8 titers are found [69] . It was suggested that initial microglial cell activation as discussed above may trigger invasion of T cells in the CNS [69] . Of interest in this respect is that metalloproteinases and their inhibitors appear to be strongly upregulated in acute and subacute lesions in distemper [45] . Systemic antiviral cytotoxic immune reactions have only been shown in the later stage of CDV infection [7] . Invading T cells in acute lesions do not appear to have an obvious impact on CDV-infected cells since sequential studies showed that the viral load continues to increase until a full inflammatory response develops in the frame of immune recovery [69] . Others have shown that in dogs with demyelinating distemper, pro-inflammatory cytokines are up-regulated, while anti-inflammatory cytokines remain at a base line level [42] . Cytokine upregulation in CNS cells is probably directly virus induced as shown in experimentally infected primary brain cultures [30] .
The chronic stage of distemper: inflammatory demyelination
Coinciding with the recovery of the immune system 6-7 weeks p.i., perivascular cuffing with lymphocytes, plasma cells and monocytes (Fig. 5D ) occurs in the initial virus-induced brain lesions [71] . The inflammatory reaction in the demyelinating lesions can lead to progression of tissue damage [73, 78] . There is often frank necrosis of the tissue in such lesions. Thus, the chronic stage of the disease is characterized by immunopathological complications. During immune recovery, a mature immune reaction develops by perivascular infiltration of CD4 + cells and subsequent recruitment of large numbers of plasma cells and strong intrathecal antibody synthesis [69, 71, 76, 79] . In inflammatory lesions, pro-inflammatory cytokines are markedly upregulated, whereas anti-inflammatory cytokines remain at normal levels [42] . It is possible that astrocytes, a primary target of CDV, participate in the amplification of the immune response. Astrocytes exhibit up-regulated CD44 in their cell membranes in distemper [4] and were shown to loose beta 2 adrenergic receptors [20] .
Tissue destruction is related to the antiviral immune response
The titers of CDV neutralizing antibodies in the CSF often exceed those in the serum [14] . Binding studies show that antibodies are made against all proteins of CDV [36] . The occurrence of anti-CDV antibodies in the CSF coincided with clearance of CDV (Fig. 5E) (Fig. 6C, D) . We also showed that stimulation of macrophages in brain cell cultures in various ways including antiviral antibody-virus immune complexes led to selective destruction of oligodendrocytes in their vicinity [15, 29] (Fig. 6A, B) . Thus, these experiments showed how the humoral antiviral immune response could lead to destruction of oligodendrocytes as ''innocent bystander'' cells. Obviously, several products secreted by stimulated macrophages, including reactive oxygen radicals can be made responsible for damage to the oligodendrocyte/myelin compartment. Chemically produced reactive oxygen radicals in the xantine/xantine-oxydase system, which was added to the culture supernatant, selectively damaged cultured oligodendrocytes [28] which are rich in iron compounds [25] , rendering these cells particularly vulnerable to oxygen radical attack. The observed marked up-regulation of microglial/macrophage activity in CDV infection [16, 60] , as discussed earlier in this paper, may enhance the destructive potential of these cells, and provide further support for the hypothesis that bystander demyelination occurs in chronic distemper. The experimental conditions in the antibody experiments in vitro closely mimic the situation in vivo, in which CDV-infected glial cells in the white matter are in close contact with macrophages and antiviral antibody-producing cells. Therefore, it is not unreasonable to conclude that a bystander mechanism associated with the antiviral immune response can be made responsible for the progression of demyelinating lesions in the chronic stage of CDV infection.
Virus-induced autoimmunity in distemper?
Anti-myelin antibodies in serum have been known for a long time to occur in distemper [38] . We also observed such antibodies in the CSF of dogs with distemper, and found that these antibodies are locally produced in the inflammatory brain lesions [76] . A cell-mediated response against myelin basic protein (MBP) was found in 4 of 11 dogs experimentally infected with CDV [18] . However, neither anti-myelin antibodies nor cell-mediated anti-myelin reactions correlated with the course of the disease. In addition, distemper has no resemblance to EAE in dogs [66] .
Further progression of the disease: virus persistence
The antiviral immune response should be beneficial to the host in that CDV is removed from the tissue [14] . However, our studies also showed that CDV can persist in white matter areas outside of the inflammatory demyelinating lesions [14] . It appears therefore that a chronic progressive disease develops if the intrathecal immune response keeps lagging behind viral replication. Thus, virus persistence is the key to the pathogenesis of the chronic lesion. Persistence of measles virus, which is closely related to CDV, in the CNS of humans appears to be associated with the production of defective viruses [56] . Although a restricted expression of surface proteins in the CNS has been suggested in immunocytochemical studies [2] , all viral RNAs and proteins are expressed in the CNS in relative proportions consistent with the particular transcription mode of morbilli viruses [47] . Thus, there is no evidence for defective viruses in CDV infection. Rather, persistence of CDV could be related to restricted infection and non cytolytic spread.
Restricted infection
As described above, CDV infects oligodendrocytes in vitro and in vivo with transcription of the entire viral genome, but very little translation of viral proteins. Such a restricted infection is also detected in neurons in which viral RNA was readily found in the absence of protein expression [47] . In this way, a viral reservoir is created, escaping immunodetection of CDV. It is conceivable that the virus can be reactivated with establishment of a productive infection, precipitating a new episode of inflammation and demyelination.
Non-cytolytic selective spread
Another factor favoring persistence is the fact that virulent CDV in vivo and in vitro causes a non-cytolytic infection, limiting the exposure of local immune cells to CDV antigens. To investigate mechanisms of persistence, we have compared several biological and molecular features between the wild persistent virus and an attenuated CDV which does not persist. We found that persistent CDV spreads in primary brain tissue cultures in a non-cytolytic heterogeneous manner with very limited release of infectious virus [84] as compared to attenuated viruses, which spread in a concentric cytolytic pattern through massive release of viral particles (Fig. 7A, B) . Both lack of cytolysis and little shedding of virus in the extracellular space in the CNS would appear to limit activation of the local immune response, thus favoring persistence.
Ultrastructurally, persistent CDV was found to produce only few viral buds as compared to non-persistent CDV [44] . The strongly reduced production of viral particles in limited areas of the cell membrane, explains by itself the heterogeneous infection pattern with single infected cells amidst uninfected ones. This pattern is even more pronounced in CNS cells possessing long processes further increasing the spacing between infected cells and rendering the impression that infection is transmitted by way of cell processes (Fig. 7C) . The budding process of morbilli viruses is quite complex and requires specific spatial arrangements of the viral proteins at the cell membrane [50] . Confocal microscopical studies revealed a limited colocalization of F and H (Fig. 7E, F) , both surface proteins of CDV, in the persistent infection as compared to the non-persistent virus where H and F were always colocalized [44] . Infection experiments with vaccinia constructs, containing either F gene of persistent or non-persistent CDV revealed an additional large fraction of uncleaved F protein in the persistent infection (Fig. 7D) , indicating clear differences in intracellular processing of the F protein between the two CDV strains [44] .
In addition to limited release of infectious virus, there is a paucity of cell-cell fusion in the persistent infection, in contrast to the non-persistent virus, which induces large cytolytic syncytia [44] . In measles virus it has been established that cytolysis occurs when a critical number of cells are fused [21] . Thus, lack of cytolysis is related to lack of cell-cell fusion. We concluded from our studies that persistence appears to be related to very limited expression of fusogenic complexes in the cell membrane.
Limited budding and lack of cell-cell fusion may have a common denominator in the configuration and processing of the F protein.
Molecular determinants of viral persistence
Since sequencing studies have shown differences between virulent and attenuated CDV at the level of all genes ([19, 61] ; Gene bank AF164967), it is hardly feasible to relate persistence to single molecular determinants. In view of the findings described above, attention has been focused on the F protein. The primary transcript of the F protein consists of a precursor protein containing a relatively long sequence of amino acids preceding an internal signal peptide allowing the entry of this protein in endoplasmic reticulum [77] . This long sequence called Pre sequence is cleaved between amino acids 135 and 136. Comparing sequences of cytolytic, non-persistent CDV strain with persistent CDV, major differences between the two strains were found in the Pre sequence of the F protein [19] . F protein hybrids were constructed consisting of various combinations of the Pre sequence and the F0 of both strains. Transfection of cell lines with plasmids containing the attachment protein of the attenuated virus and fusion protein hybrids of either strains showed that the Pre sequence of the cytolytic virus greatly influenced the fusion efficiency of the wildtype F0 and vice versa (studies in progress). Thus, it was concluded that the Pre sequence, perhaps by modifying the cleavage efficiency of the signal peptide, plays an important role in the intracellular processing of the F protein and the efficiency of expression of fusogenic complexes in the cell membrane. Using reverse genetics, a rescue system for virulent CDV was developed [51] . Infection experiments using recombinant CDV containing various modifications of the F protein are in progress.
However, not only viral factors but also cellular factors appear to play an important role in the fusion process. Transfection of cell lines with canine SLAM led to greatly enhanced cell-cell fusion activity following infection with the wild virus (work in progress). From all these experiments, it can be concluded that persistence appears to be related to restriction of syncytia formation, hence avoiding cytolysis.
Conclusions
There are a number of similarities between canine distemper and murine models of virus-induced demyelination such as Theiler's virus and mouse hepatitis virus infection. As in the mouse models, canine distemper is also a systemic infection with subsequent involvement of the nervous system. Both virus-induced oligodendroglial changes as well as inflammatory myelin damage occur in distemper and in the mouse models. While direct viral destruction of oligodendrocytes has been found in mice, there is no clear evidence for oligodendrocyte necrosis or apoptosis in distemper. In distemper there is a restricted infection of oligodendrocytes with a dramatic impairment of myelin metabolism. In addition, virus-induced microglial cell activation probably also plays a role in the demyelinating process. Since extensive experimental manipulation of the immune system as in the murine models is not feasible in dogs, direct comparison between the canine model and the demyelinating conditions in mice is difficult. There is little doubt, however, that the local anti-virus immune/inflammatory response contributes to myelin damage in the sense of a bystander effect in all models, involving a variety of molecules such as reactive oxygen radicals and cytokines. There is evidence for the triggering of autoimmune reactions in some of the mouse models, and also in distemper. It is uncertain to what extent such events play an active role in myelin damage. So far, there is no conclusive evidence in our animal models for a virus-induced autoimmune disease which continues to progress despite complete clearance of the infectious agent, as proposed in MS. Rather, common to distemper and mouse models is virus persistence in the CNS, which appears to be the key to the progression of the disease. Apparently, the persistent agent precipitates recurrent immune reactions even though the infectious load may be very small and difficult to detect. Therefore, a major remaining challenge is to understand mechanisms of virus persistence, which may also lead to new approaches to discover hidden agents in the nervous system. Experimental canine distemper encephalomyelitis in neonatal
